Abstract. This paper reports a flexible energy harvesting insole made of multilayer ferroelectrets, and demonstrates that this insole can power a wireless signal transmission. We have previously studied the energy harvesting characteristics of single and 10-layer ferroelectrets under compressive forces with quantified amplitudes and frequencies. In this work, we fabricate a flexible insole using multilayer ferroelectrets, and increase the number of layers from 10 up to 80, then use this insole to harvest energy from footsteps. We use this insole to power a commercial ZigBee wireless transmitter, and successfully demonstrate that an 8-bit data transmission can be solely powered by the energy harvested from this insole for every 3 to 4 footsteps. It confirms the anticipation from our previous work that the multilayer ferroelectrets are capable of powering the start-up and transmission of a low-power chipset, and shows a potential of using this energy harvesting insole in wearable applications.
Introduction
Ferroelectret is a thin and flexible cellular polymer foam that generates electric pulses under mechanical force [1, 2] , can be used as both a sensor and an energy harvester. When used as an energy harvester, the electric pulses from deforming the ferroelectret can charge a capacitor and power the electronics. Our previous study [3] has investigated the energy harvesting ability of porous polypropylene (PP), which is one of most researched ferroelectrets [1, 4, 5] . The PP ferroelectret is a polymer film with thickness of only 70 to 80 µm, and Young's modulus of about 1 MPa in the thickness direction [6, 7] . This soft polymer nature and small thickness make it suitable to be used in an insole for harvesting power while maintaining comfort. However, a single layer of PP ferroelectret can only produces 1.12 µJ of energy under 800 N of compressive force [3] . This output is not enough to power any commercial low-power chipsets at present. Therefore, we designed a multilayer structure of ferroelectret to improve its output power. Using an electrodynamic instrument to apply a waver function of compressive forces, we demonstrated that a 10-layer PP ferroelectret can produce more than 10 times of energy compared to a single layer [3] .
Our previous work anticipates that the multilayer ferroelectret could be capable of powering the startup and transmission a low-power chipset [3] , in this work we fabricate a ferroelectret insole and integrate it with a wireless transmitter, to show that a wireless transmission can be powered solely by the energy harvesting insole that harvests power from footsteps. This insole is made by inserting a multilayer ferroelectret into the heel. The tested multilayer samples includes 10-layer, 20-layer, 30-layer, 40-layer and 80-layer. By directly walking on this energy harvesting insole and using the generated electrical pulses to charge a capacitor, it shows that an 80-layer ferroelectret insole can produce more than 100 µJ of energy from every footstep. A prototype has been made by connecting this 80-layer insole with a power conditioning circuit and a commercial ZigBee wireless transmitter. It shows that for every 3 to 4 footsteps, the transmitter gains sufficient energy from the insole and is able to send an 8-bit wireless signal to its receiver, which is within 8 meters from the source.
Experimental
The PP ferroelectret films were commercially purchased from Emfit Ltd. These commercial samples have been charged by the manufacturer. They were sheets in the size of 230 mm × 210 mm, with thickness of 70 µm. These films were further cut into testing samples with size of 60 mm × 70 mm. Ag electrodes were printed on both sides of the samples using a screen printer (Dek 248, Dek Printing Machines Ltd). The Ag printing solution was silver Fabinks TC C40001 from Smart Fabric Inks Ltd. The electrode has an area size of 50 mm × 60 mm. The samples after electrode printing were cured in an oven at a temperature of 50 o C for 10 minutes. The multilayer ferroelectret was fabricated by stacking layers of electroded PP ferroelectrets with bonding films in between each two layers. These bonding films were used both for insulation and bonding to improve the synchrony of the output electrical signals. The stacked ferroelectret layers were then connected in parallel. A schematic diagram of the fabrication process is shown in Figure 1 .
The multilayer ferroelectret was directly inserted into the heel of a shoe. In the test a person with weight of 80 kg walked wearing with this shoe. The generated pulses from the energy harvesting insole were used to charge a capacitor, and the capacitor voltage was monitored by a data logger (KUSB3102, Keithley Instruments Ltd). The wireless transmission powered by the energy harvester was demonstrated using a self-built power conditioning circuit and a ZigBee RF transceiver module. 2 , where C is the capacitance of the capacitor, V is the voltage of the capacitor, the energy E in the capacitor is calculated and shown in Figure 2b . Similarly, the change in charged energy from each footstep is observed. It shows that for every single footstep, the 10-layer, 20-layer, 30-layer, 40-layer and 80-layer ferroelectret insoles charge 19.8 µJ, 31.9 µJ, 40.2 µJ, 65.6 µJ and 100.9 µJ of energy respectively into a capacitor. The 80-layer insole consists 8 times of ferroelectret layers compared to the 10-layer one, but the generated energy of the former is only 5.1 times of the latter. This shows that the generated energy does not increase linearly with the number of layers. This is due to the fact that the stresses distributed between each stacked layer are uneven, which the stress sustained by the ferroelectret layers in the bottom of the insole decreases as the number of layers increase. This has been shown by both the simulation and experimental results in our previous work [3] . It is also worth mentioning that ferroelectret insole can lose more than 50% of efficiency during capacitor charging. Therefore, the energy generated by the insole are in fact higher than the one that estimated by the capacitor charging in Figure 2 . 
Wireless transmission powered by the ferroelectret insole
It is estimated that the commercial ZigBee wireless transmitter consumes more than 100 µJ of energy per transmission. Since the 80-layer insole generates about 100 µJ of energy per footstep when charging a capacitor, it is selected to be tested for powering the transmission in this work. The energy generated from the ferroelectret insole will need to be regulated first before powering the transmitter. The circuit diagram of the power conditioning circuit is shown in Figure 3 . In this circuit the output of the ferroelectret energy harvester is rectified by a bridge rectifier and used to charge two 4.7μF electrolytic capacitors. Once the voltage on both capacitors reach 5.7V, the voltage regulator MIC5231 is enabled and kept on until the input voltage is dropped below its output voltage of 2.75V. The threshold voltage of the voltage detector can be changed if different operation voltage range is required. The output of the voltage regulator is then used to power the ZigBee transmitter. The actual circuit layout is shown in Figure 4 . Figure 5 shows the ferroelectret insole connecting the power conditioning circuit and the ZigBee transmitter. The wireless transmission is monitored by a receiver within 8 meters from the transmitter. A LED on the receiver will turn off when an 8-bit data is received. When walking on the ferroelectret insole, the LED light turns off for every 3 to 4 footsteps, indicating a wireless transmission has been powered by the insole. This result also suggests that the harvested energy loses more than 50% during the power conditioning, since 300 to 400 µJ of energy is generated from the insole for 3 to 4 steps, only about 150 µJ is fed into the transmitter. 
